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The Role of Sequence and Structure in Protein
Folding Kinetics: the Diffusion-Collision Model
Applied to Proteins L and G
surface (or landscape) is sufficiently biased toward the
native state to reduce the search time of the conforma-
tional space to a value in accord with experiment (Kar-
plus, 1997). Many people have contributed to this un-
derstanding (for references see Dobson et al., 1998;
Suhail A. Islam,1 Martin Karplus,2,3
and David L. Weaver4,*
1Structural Bioinformatics Group
Department of Biological Sciences
Biochemistry Building
Imperial College of Science, Technology Brockwell et al., 2000; and Baker, 2000). Grantcharova et
al. (2001) and Fersht and Daggett (2002) have reviewedand Medicine
London SW7 2AY some of the more recent developments on two-state
and multistate folding mechanisms. Because of theUnited Kingdom
2 Department of Chemistry and Chemical Biology availability of experimental data, particularly for appar-
ent two-state folders (Jackson, 1998), the basic princi-Harvard University
Cambridge, Massachusetts 02138 ples of protein folding are now being applied in investi-
gations of specific systems.3 Laboratoire de Chimie Biophysique, ISIS
Universite´ Louis Pasteur One approach, which has been successful in describ-
ing the folding of helical proteins, is the diffusion-colli-67000 Strasbourg
France sion model (DCM) (Karplus and Weaver, 1976, 1979,
1994). It uses both the native structure and the se-4 Molecular Modeling Laboratory
Department of Physics quences of amino acids within the secondary structural
elements in a kinetic model for the folding reaction. TheTufts University
Medford, Massachusetts 02155 DCM assumes that there are a set of structural elements
(called microdomains) in the protein chain and that, by
themselves, the microdomains transiently have the na-
tive secondary structure. They diffuse (intramolecularly)Summary
and collide many times with each other. Occasionally a
collision results in coalescence of the microdomainsThe diffusion-collision model (DCM) is applied to the
into a microdomain pair or higher aggregate until thefolding kinetics of protein L and protein G. In the DCM,
native structure has been formed. The coalescence re-the two proteins are treated as consisting of two beta-
quires transient near-native structure in both membershairpins and one alpha-helix, so that they are isomor-
of a pair in their contact region during the collision. Thephous with the three-helix bundle DCM model (Islam
folding behavior of a protein depends mainly on theet al., 2002). In the absence of sequence dependent
properties of its microdomains, i.e., their amino acidfactors, both proteins would fold in the same way in
sequences (and therefore, their stabilities) and their dis-the DCM, with the coalescence of the N-terminal hair-
tances along the chain from each other (which enterspin and the helix slightly favored over the C-terminal
into the diffusion time). Both of these can be changedhairpin and the helix because the former are closer
by mutation or genetic engineering. The model was onetogether than the latter. However, sequence depen-
of the first to provide an estimate of the folding timedent factors make the N-terminal hairpin of protein L
for a protein and has been applied successfully to theand the C-terminal hairpin of protein G more stable in
folding of the -repressor (Bashford et al., 1984; Burtonthe ensemble of unfolded conformations. This differ-
et al., 1998), apomyoglobin (Bashford et al., 1988; Pappuence in the stabilities gives rise to the difference in
and Weaver, 1998), and more recently to a set of three-the calculated folding behavior, in agreement with ex-
helix bundle proteins (Myers and Oas, 2001; Islam et al.,periment.
2002). For one of the latter (the Engrailed Homeodo-
main), a recent combined experimental and unfolding
Introduction simulation study (Mayor et al., 2003) strongly supports
the DCM.
The majority of proteins carry out their biological func- In this paper, we apply the DCM for the first time to
tion in their native structure into which they fold sponta- proteins with significant amounts of  sheet structural
neously (Anfinsen, 1973). Complete knowledge of the elements, although some earlier studies of the folding
mechanism of protein folding will provide insights into properties of  sheets have been reported (Yapa et al.,
several fundamental areas of molecular biophysics, in- 1992). We study the folding kinetics of the B1 segment
cluding biological self-organization, the mechanisms of of the IgG binding domain of peptostreptococcal protein
molecular diseases, and the determination of the struc- L (Wilkstro¨m et al., 1993) (pdb code 2PTL, 62 residues
ture of a protein from its sequence. In the past 15 years, starting with residue 17; Figure 1A) and the B1 segment
the consensus concerning the protein folding mecha- of the IgG binding domain of streptococcal protein G
nism has shifted from a pathway-dominated scenario (Gallagher et al., 1994) (pdb code 1PGA, 56 residues;
based on the ideas of Levinthal (1969) to a view in which Figure 1B). These are small proteins with similar struc-
the free energy of the protein on a multidimensional tures composed of a -hairpin--helix--hairpin motif.
In spite of the symmetry in the structure, they appear to
fold by somewhat different paths. Baker and coworkers*Correspondence: dweaver@tufts.edu; marci@tammy.harvard.edu
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They concluded that the protein is a two-state folder
without accumulation of an intermediate.
In the application of the DCM to protein L and protein
G, the protein is treated as consisting of two -hairpins
and one -helix. Thus, the present treatment is isomor-
phous with the published work on three-helix bundles
(Islam et al., 2002). In both cases, there are three second-
ary-structural elements and a total of eight possible
states. However, the parameters are quite different and
the folding times are very different, i.e., they are on the
microsecond time scale for the three-helix bundles and
in the millisecond range for the proteins studied here.
Application of the model provides information about
the details of the kinetics of the folding reaction and
gives insights concerning the possible accumulation of
folding intermediates. The results are presented in the
next section. The present work is compared with the
theoretical studies of Karanicolas and Brooks (2002),
those of Shimada and Shakhnovich (2002), and the re-
cent work of Dill and collaborators (Weikl and Dill, 2003)
Figure 1. Schematic Representation of Proteins L and G in the Results and Discussion section. A brief conclusion
follows. The methods used are outlined in the final(A) B1 segment of the IgG binding domain of peptostreptococcal
protein L (pdb code 2PTL, 62 residues starting with residue 17). section.
(B) B1 segment of the IgG binding domain of streptococcal protein
G (pdb code 1PGA, 56 residues).
Results
Formulation of the Diffusion-Collision Model(Scally et al., 1997; Gu et al., 1997; Kim et al., 1998;
Plaxco et al., 1999; Yi et al., 2000) have characterized for Protein L and Protein G
Both protein L and protein G consist of a four-strandedthe folding kinetics of protein L and the residual structure
in the unfolded protein. Based on φ-values, they con-  sheet and an -helix. The sheet is made of two hairpins
(see Figure 1). We refer to the first hairpin as A, the helixcluded that the N-terminal hairpin and helix exist in the
transition state and that the second hairpin is disrupted. as B, and the second hairpin as C in what follows. The
structural elements make up the three microdomains inThey also obtained evidence of an early folding event
in the first two milliseconds after initiation of refolding. the DCM for both proteins. There are three pairings
among the three microdomains, namely AB, AC, andProtein G studies (Kuszewski et al., 1994; Frank et al.,
1995; Blanco and Serrano, 1995) show qualitatively simi- BC. The pairing AC forms the  sheet and the other
pairings AB and BC form mixed hairpin-helix motifs.lar behavior but with the C-terminal hairpin-helix cluster
forming first and dominating the transition state. Park Table 1 shows the eight possible states of a three-micro-
domain protein in the DCM. Starting Table 1 from theet al. (1999) studied the folding dynamics of protein G
using ultra rapid mixing to change the solution condi- left with state 1 (no microdomain contacts), states 2, 3,
and 5 each have one pair of associated microdomains;tions to favor folding. They found that continuous flow
fluorescence measurements exhibited a major expo- states 4, 6, and 7 have two pairs of associated microdo-
mains; and state 8 has all three pairs of associatednential phase on the submillisecond time scale
(600–700 s) which is followed by a slower phase with microdomains. The notation for each state is related to
the binary number used to catalog the pairs of microdo-a denaturant-dependent time constant (2–30 ms) ob-
servable by conventional stopped flow measurements. mains in that state. With three possible pairings (AB,
AC, and BC), a zero indicates that a pairing is not madeThe combined kinetic traces quantitatively account for
the total change in Trp 43 fluorescence on folding. In in the state and a 1 indicates that a pairing is made. For
example, state 5 is binary 100 (decimal 4) which meansrecent work, Krantz et al. (2002) have reanalyzed the
Park et al. (1999) data and performed new experiments. no AB pairing, no AC pairing, and a BC pairing. We add
Table 1. Pairwise Interactions in the Diffusion-Collision Kinetic States
Unfolded State One Pair States Two Pair States Folded State
the unfolded state has 3 paths each one-pair state has 2 each 2-pair state has 1 paths the fully folded state has 3
to 1-pair states paths to 2-pair states and 1 to the fully folded state and 2 paths to 2-pair states
path to the unfolded state paths to 1-pair states
State # BC AC AB State # BC AC AB State # BC AC AB State # BC AC AB
2 0 0 1 4 0 1 1
1 0 0 0 3 0 1 0 6 1 0 1 8 1 1 1
5 1 0 0 7 1 1 0
Diffusion-Collision Folding of Proteins L and G
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Table 2. Proteins L and G Diffusion-Collision Model Transitions: States and Bondsa
Initial State Final State
Transition MDs Bond Formed MDs MDs Coalesc.
1→2 A-B-C AB AB-C AB
1→3 A-B-C AC B-AC AC
1→5 A-B-C BC A-BC BC
2→4 AB-C AC AB-AC ABC
2→6 B-AC AB AB-AC BAB
3→4 AB-C BC AB-BC ABC
3→7 A-BC AB AB-BC ABC
5→6 B-AC BC BC-AC BAC
5→7 A-BC AC BC-AC ABC
4→8 AB-AC BC ABC (BC)int
6→8 AB-BC AC ABC (AC)int
7→8 BC-AC AB ABC (AB)int
aThe notation A-B mean microdomains A and B are independent. The notation AB means microdomains A and B have coalesced. The notation
AB means microdomains A and B participated in a collision-coalescence process.
1 to the decimal value so that the no pairs state (000) protein G. Which path(s) is (are) important in the folding
kinetics depends on the properties of the microdomainsis called state 1.
Table 2 shows the 12 possible transitions for a three- and on their connections.
To include -hairpins as microdomains, we must ob-microdomain protein. Starting from the left, the first col-
umn shows i→j, the transition between states with the tain the microdomain-coil transition time (tc). In previous
applications of the DCM to all helical proteins (see, forstate labels given in Table 1. Column 2 schematically
represents the initial state for this transition of the folding example, the discussion in reference 18), the transition
time was chosen to be appropriate for the helix-coilprotein; column 3 shows the microdomain-microdomain
pairing taking place in this transition; and column 4 sche- transition, namely, 50 ns (Brooks, 1996). Using a nano-
second laser temperature-jump apparatus, Munoz andmatically represents the final state of the transition. Mi-
crodomains can be elementary (A, B, C) and they can Eaton (1997) found a transition time of the order of 6 s
for a -hairpin, the C-terminal hairpin of protein G. Webe complex (a cluster of elementary microdomains). For
example, in the transition 2→4, state 2 has the AB pairing used these values and an intermediate value of 550 ns
for the transition time in a mixed hairpin-helix pairing,formed so it is schematically written AB-C. This notation
indicates that the hairpin C is not involved in a microdo- Because tc appears as a square root (see Experimental
Procedures), we chose to use the geometric mean ofmain-microdomain interaction. The transition to state 4
makes the AC pairing. With both the AB and AC pairings, 50 ns and 6 s as the appropriate -helix--hairpin mi-
crodomain transition time value.state 4 is schematically written AB-AC, and correspond-
ingly, AB-BC and BC-AC for states 6 and 7, respectively. The parameters required in the DCM calculations for
the two proteins are given in Table 3, except for the State 8, the final state, is schematically represented as
ABC; this state has all three pairings. The fifth column values that are described with the results for each pro-
tein. All parameters, except  and tc, are determinedin Table 2 shows the microdomains or microdomain
clusters that diffuse together to make the particular tran- from the structure. The structural parameters include the
radii of the elementary microdomains and microdomainsition. In the three transitions to state 8, the final state
with all three pairings, an “internal” transition is required clusters determined in a spherical approximation, the
solvent accessible surface areas (used for both the un-to make the last pairing. Internal transitions are neces-
sary when a new pairing is to be made by microdomains folding rates and for the orientational parameters that
contribute to the folding propensities), the diffusion con-that are already in the same cluster but have not yet
paired. For example, in the transition 4→8, the cluster stants in a spherical approximation and the solvent ac-
cessible area loss upon pairing of microdomains. TheAB-AC has the AB and AC pairings, but not the BC
pairing. To make the BC pairing, internal movement in amino acid residues used to define the individual micro-
domains in each protein and the hairpin-coil (6 s) andthe AB-AC cluster must occur and the coalescing micro-
domains are indicated as (BC)int. The necessity for in- helix-coil (50 ns) transition times are given in the first
column of Table 3 for each microdomain. Details of theternal movement in a microdomain cluster provides a
possible rationale for the existence of molten globule model and the equations are given in Experimental Pro-
cedures.type kinetic intermediates lacking side-chain interdigita-
tion, since internal flexibility must be maintained in order
to make internal pairings. There are six independent Results for the B1 Domain of Protein L
The B1 domain of protein L (Wilkstro¨m et al., 1993) isways of going from state 1 to state 8 by successive
pairings of microdomains; for example, a possible path shown in Figure 1A. Hairpin A is arranged in a  sheet
with hairpin C such that the first strand of hairpin A isis 1→2→4→8. An example of one of the possible path-
ways from state 1 to state 8 is shown schematically in packed against the second strand of hairpin C in a paral-
lel arrangement. The sheet creates a surface on whichFigure 2. Figure 2 shows the path through intermediate
species 5 (A-BC) and 6 (AB-BC) to state 8 (all pairs) for helix B lies diagonally with the N terminus of helix B
Structure
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Figure 2. Schematic Folding of Protein G through the 1-5-6-8 Folding Pathway
(A) Unfolded state; (B) Species 5 BC pairing; (C) Species 6 AB-BC pairings; and (D) Folded state.
near the turn connecting the two strands of hairpin C We used the AGADIR prediction (Munoz and Serrano,
1994a, 1994b, 1994c, 1997) for the intrinsic helical pro-and the C terminus of helix B near the turn connecting
the two strands of hairpin A. The solvent accessible pensity of the protein L helix at 293 K, [pH 5], with
protected ends; it has a value of 0.0068. We use thearea loss from microdomain-microdomain packing (the
difference between the solvent accessible area of the value of one for the probability that one or more pairs
of coalesced microdomains remains paired since multi-microdomain without and with the other microdomain
in the folded conformation) is given in Table 3 for the microdomain complexes will tend to remain together
when a protein folds under strongly folding conditions.three possible pairings. The total microdomain-micro-
domain area loss in the native structure of 2PTL is Also, when microdomain-microdomain pairing occurs
in a small, three-pair protein, one would expect that most2548 A˚2. This is twice as large as the area losses in a
set of three-helix bundle proteins (Islam et al., 2002), of the residue-residue hydrophobic contacts would be
formed. There are no reliable programs for estimatingwhich have the same number (three) of microdomain-
microdomain pairings in the native structure. the -hairpin propensity and no specific data for the
Diffusion-Collision Folding of Proteins L and G
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Table 3. Properties of Microdomains
Microdomain
Proteina Complex A B C AB AC BC
Protein L 2PTL Radius (A˚) 10.5 9.6 10.4 12.7 13.1 12.6
(18-38, 40-54, 60-77)
transition timesb 6 s (A)
50 ns (B) 6 s (C)
Area (A˚2) 2086 1728 2032
D (A˚2/ns) at 278K 12.80 14.00 12.96 10.60 10.22 10.67
Pairing Area Loss 809 981 758
(A˚2) A
Protein G 1PGA Radius (A˚) 10.4 9.3 9.8 12.5 12.8 12.1
(1–20, 23–36, 42–56)
transition times 6 ms
(A) 50 ns (B) 6 s (C)
Area (A˚2) 2133 1522 1667 3024 2954 2739
D (A˚2/ns) at 293K 12.86 14.39 13.65 10.75 10.50 11.11
Pairing Area Loss 631 846 449
(A˚2) A
a Protein with sequence in order hairpin-helix hairpin
b Coil-microdomain transition times
hairpin propensities of the two hairpins in protein L. pairings, indicating that the influence of the N-terminal
hairpin and the AB-C species is somewhat greater. ByExperiments (Gu et al., 1997; Kim et al., 2000) indicate
that hairpin A has some residual structure in the un- reducing the hairpin A propensity to A 0.05, while
holding the other propensities fixed, the influence of thefolded state. We used several folding values for hairpin
A (A), keeping the ratio (A/C) in the range 5–15 and AB-C species becomes less important. Figure 3C shows
this simulation. The folding time increases to about 28holding C  0.01. This is consistent with the N-terminal
hairpin having some structure and the C-terminal hairpin ms and the probability fluxes through the one-pair spe-
cies are 0.74, 0.13, and 0.13, respectively. Thus, increas-having little structure in the unfolded ensemble of con-
formations, as suggested by experiment (Scally et al., ing the difference between the propensities of the hair-
pins, the AB-C intermediate species becomes more1997; Gu et al., 1997; Kim et al., 1998; Plaxco et al.,
1999; Yi et al., 2000). We used orientational values for prominent, but it is still very small in the plot of the
probability of each species versus time. It is interestingthe association of elementary microdomains (see Exper-
imental Procedures). This is appropriate because of the to note that, nevertheless, most of the probability for
the protein folding goes through the AB-C species, irre-nature of the hairpin-helix and hairpin-hairpin associa-
tions. spective of whether or not the AB-C species accumu-
lates enough probability to be observable. This meansSome results for protein L are shown in Figures 3A,
3B, and 3C. In each part of Figure 3, the orientational that the designation of protein L as a two-state folder
could depend on the experimental conditions. Observ-factors are in the range 0.19–0.24 for the elementary
microdomains. These factors multiply the folding pro- ability of a species is a function of the accumulation of
the species due to a relatively high kinetic barrier andpensities of the microdomains. In Figure 3A, the folding
propensities are A 0.1, B  0.0068, and C  0.01. the presence of an observable spectroscopic probe. For
example, Figure 4 is a simulation with A 0.4 and BThe folding time of the native state (state 8) is about 15
ms (for 63% folding which is within 1/e of complete 0.2 with C fixed at 0.01. The AB-C species dominates
the one-pair probability fluxes (a value of 0.97) and alsofolding in a two-state system) compared to the experi-
mentally determined wild-type folding time of about 16 is a prominent intermediate species in the folding kinet-
ics: the protein has become a three-state folder. Thems (Gu et al., 1997; Kim et al., 2000). The relative contact
order prediction is about 30 ms based on the model of folding time is reduced to about 0.47 ms. Related results
have been found for Im 9, a four-helix bundle protein,Baker and collaborators (Plaxco et al., 1998) using the
truncated form of 2ptl. The apparent folding process is by Radford and collaborators (Ferguson et al., 1999;
Gorski et al., 2001).two-state. However, the probability flux for this process
indicates that all three single pairings play a role, the Baker and coworkers have investigated the effects of
mutations on the folding properties of protein L, bothprobability flux values are 0.79, 0.14, and 0.07 for the
AB, AC, and BC pairings, respectively. The AB pairing throughout the protein (Kim et al., 2000) and just in the
two -turns (Gu et al., 1997). They concluded (Kim etis clearly dominant as expected from the microdomain-
coil propensities. In Figure 3B, the N-terminal hairpin al., 2000) from the φ-values that the first -hairpin is
largely structured while the second -hairpin and the(microdomain A) propensity is increased to A 0.15
with the other propensities fixed. The result is a decrease helix are largely disrupted in the folding transition state
ensemble. They also found strikingly different foldingin the folding time to about 11 ms. The folding is still
apparent two-state but with probability fluxes of 0.81, kinetics changes due to mutations in the two -hairpins.
In the DCM, mutations may affect a number of the input0.15, and 	0.05, respectively for the AB, AC, and BC
Structure
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Figure 3. DCM Calculation for Protein L (2PTL)
(A) The kinetic probabilities of the visible states as a function of time (see Tables 1–3) with folding propensities of the microdomains. The
temperature is 278
 K.
(B) The kinetic probabilities of the visible states as a function of time (see Tables 1–3) with folding propensities of the microdomains. The
temperature is 278
 K.
(C) The kinetic probabilities of the visible states as a function of time (see Tables 1–3) with folding propensities of the microdomains. The
temperature is 278
 K.
parameters used for calculations of the folding-unfolding L (see above) so we do not repeat the description here.
The solvent accessible area loss from microdomain-rates and of the probability of the folding species as a
function of time. The most important of these are the microdomain packing is given in Table 3 for the three
possible pairings. The total microdomain-microdomainmicrodomain folding propensities and the solvent ac-
cessible area loss upon association of microdomains. area loss in the native structure of 1PGA is 1926 A˚2. This
is only 1.5 times that of the area losses in a set of studiedClearly, mutations can make a substantial difference for
-hairpins, as they do for helical propensities (Burton three-helix bundle proteins (Islam et al., 2002).
We used the AGADIR prediction (Munoz and Serrano,et al., 1998). In our simulations, this is shown in Figures
3B and 3C for mutations in the N-terminal hairpin which 1994a, 1994b, 1994c, 1997) for the intrinsic helical pro-
pensity of the protein G helix at 293 K, [pH 5] and pro-change and consequently change the folding rate and
the probability flux and in Figure 4 for mutations in both tected ends. It has a value of 0.0145, which is about
twice that of the helix in protein L, but still rather small,the N-terminal hairpin (hairpin A) and the helix which
change the folding rate, the probability of the AB-C spe- so it would be difficult to detect in isolation. We used
a value of one for single and double pairing microdo-cies and the apparent kinetics of folding from two-state
to three-state. mains as in the protein L simulations. The orientational
betas are in the range 0.14–0.19 for elementary microdo-
mains, slightly smaller than the corresponding proteinResults for the B1 Domain of Protein G
The B1 domain of protein G (Gallagher et al., 1994) is L values (see Experimental Procedures).
An example of the results for protein G is shown inshown in Figure 1B. The fold is identical to that of protein
Diffusion-Collision Folding of Proteins L and G
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Figure 4. DCM Calculation for Protein L
(2PTL)
The kinetic probabilities of the eight states
as a function of time (see Tables 1–3) with
folding propensities of the microdomains.
The temperature is 278
 K.
Figure 5A. In this example, we used A 0.10 and C  calculations and their relative distances from one an-
other and the former determines the propensities of the0.40 as suggested by L. Serrano (personal communica-
microdomains to be transiently folded in the ensembletion). The folding process is mainly two-state with a
of unfolded conformations. Each of these factors affectssmall contribution from the species with the AC pairing
the folding time scale. In addition, the time scales of the(first and second hairpins). The probability flux to the
coil-folded microdomain transitions influence the overallone pairs species is 0.13, 0.55, and 0.32 for AB, AC, and
time scale of folding (Islam et al., 2002) (see Experimen-BC, respectively. This result indicates that hairpin C is
tal Procedures for details). We note that in the contactthe most important of the three microdomains and that
order model (Plaxco et al., 1998), by contrast, only thehairpin A condenses late in the folding reaction. This is
native structure is used while the sequence and its rolein direct contrast with the folding of protein L where
in the stability of various species involved in the foldingthe probability fluxes were reversed and pairings with
reaction is not considered. One consequence is that thehairpin A were most important. The calculated folding
contact order calculations give no information abouttime is about 1.8 ms; the experimental value is about 2
whether a protein is a two-state folder or the foldingms. The relative contact order prediction is about 17.5
reaction is more complex.ms. By decreasing the hairpin C propensity to C  0.2
If the propensities are all unity, the structural (geomet-while holding all other parameters fixed, the folding time
rical) properties of the protein control folding. The resultsis increased to about 3.2 ms and the AC-B species is
of DCM simulations with all  1, including orientationalreduced in maximum value. The probability fluxes are
factors, are shown in Figure 7 (to be compared with0.22, 0.49, and 0.28, respectively, for the AB-C, AC-B,
Figures 3 and 4) for protein L and Figure 8 (to be com-and BC-A one-pair species; the simulation is shown in
pared with Figures 5 and 6) for protein G. In Figure 7,Figure 5B. Increasing the hairpin propensity of hairpin
the AB pairing (state 2, AB-C) forms quickly and attainsC to C  0.6 decreases the folding time to about 1.3 ms
almost 40% of the probability. State 4 (AB-AC) and statewhile increasing the maximum probability of the AC-B
6 (AB-BC) dominate the two-pair species and also formspecies and modifying the probability fluxes to 0.09,
quickly. The AB pairing is most prominent because its0.58, and 0.33 for the three one-pair species as shown
coalescence time is shortest (smallest Rmax of the one-in Figure 5C. Figure 6 is a simulation with A 0.01, B 
pair species). The same pattern of folding is seen in0.2, and C set at 0.6. The BC-A species dominates the
Figure 8 for protein G under the same simulation condi-one-pair probability fluxes (a value of 0.96) and also is
tions because the two proteins have the same nativea prominent intermediate species in the folding kinetics,
topology. The actual folding behavior for protein L (i.e.,the protein becoming a three-state folder, as is the case
that the N-terminal hairpin-helix intermediate specieswith protein L when the microdomains are mutated to
forms first) is the same as that obtained without consid-have the given propensities. The folding time is reduced
ering the stabilities of the microdomains. Differences into about 0.8 ms.
the folding kinetics under typical conditions are due to
differences in the sequences (15% homology), which
Discussion favor one or the other of the hairpins in the unfolded
ensemble.
When the DCM is applied to the folding of a protein, both The DCM shows that the normal folding kinetics of
the sequence and the native structure are important. The protein L and protein G are both apparent two-state.
The model predicts that by enhancing the folding pro-latter determines the microdomains used in the model
Structure
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Figure 5. DCM Calculation for Protein G (1PGA)
(A) The kinetic probabilities of the visible states as a function of time (see Tables 1–3) with folding propensities of the microdomains. The
temperature is 293
 K.
(B) The kinetic probabilities of the visible states as a function of time (see Tables 1–3) with folding propensities of the microdomains. The
temperature is 293
 K.
(C) The kinetic probabilities of the visible states as a function of time (see Tables 1–3) with folding propensities of the microdomains. The
temperature is 293
 K.
pensities of the helix and either of the hairpins, an inter- crodomains and by the number of amino acids in the
peptide chains connecting the microdomains. The na-mediate species (AB or BC) becomes prominent. This
is shown in Figure 4 for protein L (AB-C) and in Figure tive structure determines the important microdomains
and the manner in which they pack together. The latter6 for protein G (BC-A). Sheinerman and Brooks (1998a,
1998b) found, using molecular dynamics simulations is quantified in the model by the solvent accessible area
loss upon folding (A), which affects both the foldingwith importance sampling, that tryptophan 43 (near the
beginning of hairpin C) becomes buried early in the fold- and unfolding rates of microdomain aggregates. Also
related to the structure (the type of microdomains in theing of protein G. In their folding experiments, Park et al.
(1999) observed a species early in the folding of protein protein and how are they connected) are the geometrical
parameters of the model (for example, the maximumG in which tryptophan 43 is buried. These observations
are consistent with the BC-A species forming early in distance Rmax and the diffusional volume V). The quan-
tityV (which depends on the cube of Rmax) is particularlyfolding. By exchanging the hairpin-coil propensities of
hairpins A and C, the folding behavior of protein L and important in determining folding rates and it is sensitive
to the distances between microdomains. In differentiat-protein G can be reversed. Folding kinetic behavior in
the DCM is determined by the native structure of the ing between protein L and protein G, the amino acid
sequences of the two hairpin microdomains play thefolded protein, by the amino acid sequences of the mi-
Diffusion-Collision Folding of Proteins L and G
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Figure 6. DCM Calculation for Protein G
(1PGA)
The kinetic probabilities of the eight states
as a function of time (see Tables 1–3) with
folding propensities of the microdomains.
The temperature is 293
 K.
primary role. The sequences determine the folding pro- that the strength of the energetic interactions present
in the N-terminal hairpin of protein L (hairpin A) causepensities (stabilities) of the hairpins, which strongly influ-
ence the folding rates and the flow of probability through this hairpin to form ahead of the C-terminal hairpin (hair-
pin C); the entropy contribution to the difference for thethe intermediate species. In protein L, the majority of
the probability flows through the intermediate AB-C two hairpins was negligible. For protein G, they found
that the change in chain entropy of hairpin C upon fold-(state 2). This species could be made to appear in the
kinetics by protein engineering (see Figure 7). In protein ing (S) is less than the corresponding value for hairpin
A and is sufficient to overcome the energy difference,G, the intermediate A-BC (state 5) is most important
(see Figure 8). so that the free energy upon folding of hairpin C is less
than that of hairpin A. There is clearly a trade-off in
energetic versus entropic contributions to the free en-Comparison with Other Models
Karanicolas and Brooks (2002) used a simplified (Go) ergy of formation of a hairpin. A shorter hairpin (microdo-
main) has less entropy loss when folding but it will alsomodel for proteins L and G to shorten the computational
time required to follow the folding reaction. By analysis have fewer favorable contacts for solvent accessible
area loss and for hydrogen bonds. In their Go modelof the free energy for each of the proteins, they found
Figure 7. DCM Calculation for Protein L
(2PTL)
The kinetic probabilities of the eight states
as a function of time (see Tables 1–3) with
folding propensities of the microdomains.





Figure 8. DCM Calculation for Protein G
(1PGA)
The kinetic probabilities of the eight states
as a function of time (see Tables 1–3) with
folding propensities of the microdomains.
The orientational factors are one. The temper-
ature is 293
 K.
simulations, Karanicolas and Brooks (2002) introduced Brooks (2002) and in experiment. To explain the dis-
agreement, Shimada and Shakhnovich (2002) arguedstatistical potentials derived from a probability distribu-
tion of virtual dihedral angles for pairs of amino acid that the choice of the spectroscopic probe used to fol-
low the kinetics could have masked the true kineticcorresponding to all 20 amino acids observed in protein
structures in the PDB. This resulted in a sequence- behavior.
Dill and collaborators (Weikl and Dill, 2003, Weikl etdependent propensity to form (or not form) secondary
structural elements in their model. In the DCM, the pa- al., 2004) have recently developed a model that uses
the native structure of the protein to describe the foldingrameter , which quantifies the extent to which a micro-
domain is transiently folded, plays a similar role. It in- kinetics. Their model is very similar in form to the DCM,
although the quantitative implementation is somewhatcludes the effects of both the entropy and energy though
no decomposition is made. It is possible that the statisti- different. Surprisingly, they do not refer to the DCM
in their papers. They group segments into local andcal potentials, in conjunction with general Go model
parameters, can be used as an alternative method to nonlocal clusters, which correspond to the elementary
microdomains and coalesced microdomains of thedetermine  for sequences of amino acids in microdo-
mains. This information could complement experimental DCM. They propose that folding consists of the forma-
tion of nonlocal clusters from pairing of local clusters,determinations.
Sorenson and Head-Gordon (2000, 2002) have devel- again as in the DCM. They identify pathways to a folded
state by taking account of the shortest loops (calledoped an off-lattice three-bead model (hydrophobic, hy-
drophilic, and neutral), related to the work of Thirumalai effective contact order by Dill et al.) for the pairings of
clusters that contribute when other pairings have beenand coworkers (Honeycutt and Thirumalai, 1990; Guo
and Thirumalai, 1994, 1996) in which the known second- made. This concept is analogous to the determination of
the correct Rmax to use for pairings in DCM calculations.ary structure is encoded by dihedral angle propensities.
They applied the model to a mixed / structure with a Finally, they suggest that local (secondary structure)
clusters are unstable and are stabilized by nonlocal con-native state resembling proteins L and G and found that
their bead sequence folded to the native state topology. tact clusters. This is analogous to the elementary step
in the DCM, which involves the coalescence of two tran-Head-Gordon and collaborators (Brown et al., 2003,
2004) have modified their generic protein L/G bead se- siently stable microdomains. For protein L, they propose
that the N-terminal hairpin and helix are the crucial non-quence to reproduce the experimental differentiation
observed in the folding of proteins L and G. The modifi- local cluster in folding, in agreement with the DCM and
experiment, whereas for protein G, one folding routecations involved changing the intrinsic stabilities of the
two hairpins (analogous to microdomain propensities in not involving the C-terminal hairpin in the first nonlocal
cluster is found by them to be important.the DCM) to match those found experimentally.
Shimada and Shakhnovich (2002) used an all atom
Monte Carlo simulation with a Go potential to study the Conclusion
folding of protein G. They found three pathways with
the major pathway passing through a helix-hairpin A The simplicity of the diffusion-collision model (DCM) for
protein folding makes it an attractive alternative to thecomplex, which they termed the major intermediate. In
the DCM, this species is AB-C (state 2) and is a minor complex description required when all degrees of free-
dom are considered explicitly. Moreover, in a numberspecies, as it is in the calculation of Karanicolas and
Diffusion-Collision Folding of Proteins L and G
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b  
1ef (AAB /(kBT)) (5)of studies of helical proteins, the results of the latter
can be adequately described in terms of the former.
The DCM is coarse-grained. It is assumed to proceed through aThis paper shows that the DCM can be usefully ap-
series of quasi two-body steps involving pairs of elementary micro-
plied to proteins containing -sheet secondary struc- domains and multimicrodomain complexes. The parameters for pairing
ture, as well as to helical proteins. Specific applications of two elementary microdomains or microdomain clusters are used in
to the -sheet--helix--sheet proteins L and G provide a chemical kinetics approximation to find the rate of folding of each
pairing as well as the probability as a function of time of the initialan explanation of the differences in their folding behavior
state, all intermediate species, and final state of the protein. Theand their similar overall folding times. The latter is about
rate constants for each step are found from the forward (folding) and100 times slower than for three-helix bundles, which are
backward (unfolding) rate constants described above. The coupled
isomorphous in their formulation in the DCM. first-order rate equations for the probabilities of each species (corre-
Future work will involve proteins with four elementary sponding to concentrations for this unimolecular process) pi(t) are:
microdomains (e.g., four-helix bundles), as well as pro-







In this equation, Kij are the elements of the rate matrix to be deter-
mined from the model and m is the number of independent speciesTo implement the diffusion-collision model numerically, an analytical
of the folding protein. The forward rates in the equation are given bymodel is used to calculate the folding rate of two connected micro-
1/f and the backward rates by 1/b with the appropriate parameters.domains, the elementary step in the model. Each microdomain has
The value of  for each transition is a product of orientational anda variety of conformational states, and is short enough so that a
folding probabilities for each of the microdomains or clusters in therandom search is possible on a physiological time scale. The dynam-
collision. Orientation probabilities are defined as the ratio of the lostical behavior of the microdomains is modeled by a diffusion equa-
accessible surface area upon pairing to the total accessible surfacetion. The pair of connected microdomains has a limited diffusion
area of colliding microdomains or clusters. For example, for thespace available for their relative motion. To simplify the calculation
N-terminal hairpin of protein L, the total accessible surface area isof the folding rate, we idealize the microdomains as spheres and
about 2100 A˚2 and the area lost upon coalescence with the helix isthe polypeptide chain connecting them as a perfectly flexible fea-
about 400 A˚2 giving an orientational of 0.19. Folding probabilitiestureless string. Our model calculations (Karplus and Weaver, 1979;
are defined as the probability that a microdomain is correctly foldedWeaver, 1982, 1984) and simulations of helices connected by ran-
when collision occurs. They are taken from experiments on intrinsicdom coil chains (Lee, et al., 1987) suggest that this leads to the
helical,  strand, or hairpin propensities, where possible, or fromcorrect orders of magnitude for folding. Collision and coalescence
algorithms that predict folding propensities of microdomains, e.g.,of the microdomains is governed by the boundary conditions of the
the AGADIR algorithm (Munoz and Serrano, 1994a, 1994b, 1994c,coupled reaction-diffusion equations (see, for example, Karplus and
1997) for  helices. The result is a value of  for a given transitionWeaver, 1994). The inner boundary is the spherical shell of closest
between zero and one.approach governed by the van der Waals envelopes of the microdo-
The outputs of the DCM are the probabilities as a function of timemains. In this approximation, it has a radius that is the sum of the
for each of the states of the system, the time scale for folding, andradii of the microdomains, denoted by Rmin. The outer boundary is
the distribution of probability for each number of pairings, the totalthe maximum radial separation of the microdomains determined by
probability being one. The latter is an estimate of the flow of proba-the length of the string (the polypeptide chain between the microdo-
bility through of each of the intermediates states, based on themains), denoted by Rmax. The boundary conditions on the probability
forward rate constants. A DC simulation starts with a probability ofdensity fluxes lead to coalescence of the microdomains at the rate
one in state 1 (no pairs). Probability estimates are made by first
dividing the forward rate constants for each of the one-pair speciesf  l2/D  LV(1  )/(DA) (1)
by the total forward rate constant for the one-pair species. This
where  is the probability that the two microdomains are in the gives the division of the total probability into the one-pair states.
folded, correctly oriented state when they collide so that there is Each of the one-pair states divides its probability into several of the
no barrier to coalescence. The volume available for diffusion of each two-pair states. To calculate the two-pair states probabilities, the
microdomain pair V, their relative target surface area for collisions forward rate constants from each of the one-pair states are divided
A, their relative diffusion coefficient D, and their relative geometry by the total forward rate constant for that one-pair state to find the
parameter l2 are calculated for diffusion in the spherical space. l2 is division of a particular one-pair state probability into two-pair state
the spherical generalization of the squared distance traveled by a probabilities. The one-pair state probability is then multiplied by the
diffusing particle. The parameter L has units of length. Its value is two-pair state probability to get the contribution to the two-pair
states from each one-pair state. All of the probability contributions
1/L  1/Rmin  (Rmax  1)/(Rmax  ) (2) to each two-pair state are added to get the probabilities of the two-
pair states. The results for the probability distribution for each typewhere
of pairing allow us to assign folding pathways even when folding is
an apparent two-state process with no visible intermediates, as in  tanh[(Rmax  Rmin)] (3)
many simulations and experiments with small proteins.
  ((1 2)/D)1/2 (4)
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For the unfolding rate, the accessible surface area AAB between
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